Three types of bending tests -the 3-point bending test, 4-point bending test and biaxial flexural test-were performed to examine the correlations among the testing methods for dental hard resins (HRs). The results for 5 HRs showed that the bending strengths in descending order were: biaxial flexural strength>3-point bending strength>4-point bending strength. Regression analysis of the test methods indicated that the coefficients of determination were large for all test methods; the largest was for the combination of the 4-point bending test and biaxial flexural tests. The Weibull moduli ranged from 5.42 to 10.61, and a similar descending-order trend was found in the Weibull characteristic strength (S0) of the test methods. The biaxial flexural test method is thus a valid test of the flexural strength of dental hard resins.
INTRODUCTION
Dental ceramics have been widely used for aesthetic restoration in the field of dental practice because of their aesthetic aspects and biocompatibility. There have been many reports 1) on accidental fractures of dental ceramics due to small mechanical strength fractures. Mechanically strong ceramics, such as zirconia, have been used to prevent sudden fractures, and dental hard resins (HRs) with a high inorganic filler content and high toughness have been widely applied [2] [3] [4] . The International Organization for Standardization (ISO) has standardized the test methods for the mechanical properties of dental materials. Although the concept common to the bending tests in the ISO standards is based on an assumption that there are no defects in the materials themselves 5, 6) , the possibility of existing defects or the production of new defects during the manufacturing of dental prostheses may be extremely high. Metallic materials prevent unstable destruction by dispersed local stress because of the large plastic deformation in the process leading to fracture from the yield point. However, the bending fracture of dental ceramics and HRs with high filler contents is believed to be due to a concentration of the stress on a defective area, such as a minor defect 7) . It is difficult to confirm the presence of defects inside a material sample. Contamination by foreign substances, minute defects or tiny scratches occurring during the sample preparation may lower the strengths of materials and exert a significant influence on the measured strength; therefore, when the mechanical strength of materials is evaluated, it is important to determine a reliable value by assuming the presence of existing defects. The 3-point bending test is used in the ISO standard to determine the mechanical strength of dental composite resins 5) , and large variations in the measured values have been reported 5) , owing to the use of a light irradiator moved longitudinally to prepare the sample during the photo-polymerization of dental composite resins. Therefore, inner defects may be produced due to inhomogeneous polymerization [8] [9] [10] . In contrast, the 3-point bending, 4-point bending and biaxial flexural tests are recommended in the ISO standards for dental ceramics 6) . In particular, the biaxial flexural test is strongly recommended because the maximum value of the stress is placed at the center of the test specimen, and the influence of burrs or cracks present in the sample edge thus becomes small. As a result, a highly reliable value can be obtained because of the decrease in the influence of the defects. The destruction of ceramics results from inner defects such as bubbles within the sample, and its failure probability can be assessed with the Weibull distribution function based on the weakest ring theory 11) . Jin et al. 12) have reported that the Weibull modulus m of the biaxial test in ceramics is greater than that obtained from the 3-point bending test and the 4-point bending test, and have concluded that the biaxial flexural test method is more reliable than the other two bending tests. However, materials such as composite resins, which exhibit large plastic deformation in the process and thus lead to fracture from the yield point, are not suitable for the biaxial flexural test because the local stress applied to the piston area is dispersed, and, accordingly, no local destruction occurs. However, newer dental composite resins with high filler content behave highly similarly to ceramics, and their plastic deformation is very small; thus, the biaxial flexural test may be applicable to dental composite resins. Recently, a microhybrid and a nanofilled composites have been evaluated by 3-and 4-point bending tests 13) , and concludes that flexural strength measured by the 3-point bending test is higher than by the 4-point bending test due to the smaller flaw, and the bending strength is influenced by the volume fraction of the filler than the particle size of the filler. However, these results are unclear in terms of reliability due to the small number of types of composite resin used in the research, therefore it is necessary to conduct research using more types of composite resins. Furthermore, there is no conclusion as to whether the biaxial bending test can be applicable to HRs or dental composites. It is also unknown which bending test method among 3-point bending, 4-point bending and biaxial bending is most suitable for HRs.
No studies have been reported on conducting these three test methods at the same time, and examining the influence of the test method on HRs in detail.
In this study, to determine highly reliable bending strengths of hard resins, different bending tests were performed to examine the effects on the measured values, and the correlations among the test methods were investigated. Three types of bending tests -the 3-point bending test, 4-point bending test and biaxial flexural test-were performed on five dental hard resins, and then the applicability of the biaxial flexural test, compared with other methods, to the dental hard resins was investigated. Table 1 shows the five urethane dimethacrylatebased HRs used in this study. The dimensions of the test specimens, finishing methods and test methods of mechanical strength (bending strength) were in accordance with the ISO standard for ceramics 6) . The specimens were prepared as follows. The test pieces for the 3-point and 4-point bending tests were prepared using a Teflon mold of 4 mm in width, 1.5 mm in thickness and 25 mm in length. The Teflon mold was placed on a polyethylene sheet and was filled with each HR paste, and then another polyethylene sheet was pressed against the mold surface with a slide glass. After irradiation with visible light (VALO, GlobTek, Northvale, NJ, USA) for 30 s, the slide glass was removed, and then both sides of the specimen were photo-polymerized with a light irradiator (α-light, Morita, Osaka, Japan) for 15 min. Additional heat polymerization of ES was performed in an electric oven (FC-401m, ADVANTEC, Chiba, Japan) at 105°C for 15 min. Plate-like specimens were fabricated and polished to a width of 4 mm×thickness of 1.2 mm×length of 25 mm with waterproof #400, #600 and #1,000 abrasive paper and then mirror polished using 1 µm alumina powder; the corners were then chamfered 0.07 mm at 45°. The biaxial test pieces were prepared with a Teflon mold with a 22 mm in outer diameter, 16 mm inner diameter and 1.5 mm thickness. Each HR was photo-polymerized as described above, ES was subjected to additional heat polymerization, and then the test pieces were mirror polished to 16 mm diameter and 1.2 mm thickness. Each specimen was stored in water at 37±2°C for 50 h, and then the three types of bending tests were carried out. All of the bending tests were performed by using a universal testing machine (AGS-X, Shimadzu, Kyoto, Japan) with a crosshead speed of 1 mm/min. The 3-point bending test of the specimen was carried out by using supporting rollers with a 3 mm diameter, which were positioned with their centers 20 mm apart. The load was applied at the midpoint between the supports by using a third roller with a 3 mm diameter. The bending strength σ (MPa) is represented by the following formula 6) , where P (N) is the load at failure, L (mm) is the center-to-center distance between the supporting rollers, and w (mm) and t (mm) are the width and thickness of the specimen.
MATERIALS AND METHODS

σ=3PL/2wt
2 The 4-point bending test of the specimen was carried out with two inner loading rollers with a 3 mm diameter, which were located at the quarter points of the specimen, thus yielding an inner span of 10 mm, and supporting rollers of 3 mm in diameter were positioned with their centers 20 mm apart. The 4-point bending strength σ (MPa) was calculated with the following formula, where The superscripts with the same letters indicate combinations that are not significantly different. L 1 is the load span (center-to-center distance between inner loading rollers), and the other five variables are as described above.
The biaxial flexural test (piston-on-three ball test) was performed by using the fixture, whose support for the test specimen comprised three steel balls with diameters of 3 mm, which were positioned 120° apart on a support circle with a 10 mm diameter. A test specimen was placed on the supporting balls so that the load was applied to the center of the test piece, a polyethylene film of 50 µm in thickness was placed between the supporting balls and the specimen, and then another film was placed between the loading piston and specimen. The load was applied with a flat punch with a diameter of 1.4 mm at the center of the specimen. The biaxial flexural strength σ (MPa) was calculated from the following formula 6) , where P (N) is the load at failure and t (mm) is the thickness of the specimen.
2 , where X and Y are as follows:
in which ν is Poisson's ratio (assuming 0. 25 6) ), r1 (mm) is the radius of the support circle, r2 (mm) is the radius of the loaded area, and r3 (mm) is the radius of the specimen.
The number of repetitions was set to n=20 in all tests. Two-way analysis of variance (A: type of material B: test method) was performed on the measured flexural strengths; for significantly different factors, Tukey's multiple test was carried out. In addition, a detailed study has assessed the reliability of Weibull analysis using the maximum likelihood method (JMP 11, SAS Institute, Cary, NC, USA).
RESULTS
The mean flexural strength determined by each test method is summarized in Table 2 . From the results of the two-way analysis of variance, significant differences were observed in the main effects and the interaction (p<0.01). The 3-point bending strength of ES, which was subjected to heat polymerization, and that of CM, which contained a zirconia filler, were the largest and were approximately 2.5 times larger than that of SH, which contained the pre-polymerized organic filler. The 4-point bending strength was smaller than the bending strength obtained through the other two test methods -i.e., the 3-point bending test (p<0.01) and biaxial flexural test (p<0.01). In contrast, the biaxial flexural strength was larger than the 3-point bending strength (p<0.01) and 4-point bending strength (p<0.01). Thus, the strengths ranked in the order biaxial flexural strength>3-point bending strength>4-point bending strength, and no significant differences due to the different test methods were observed in many comparisons within the same HR (p>0.05). Specifically, whereas the 3-point bending strength was significantly larger than the 4-point bending strength in CM (p<0.01) and was significantly smaller than the biaxial flexural strength in ES (p<0.01), no significant differences were observed in the comparisons of the 3-point bending strength and 4-point bending strength or the biaxial flexural strength of HR (p>0.05). In the comparison of the 4-point bending strength and biaxial flexural strength, significant differences (p<0.01) Fig. 2 Weibull plot of the bending strength. were observed in all HRs except SH. To estimate the correlations among the bending test methods, the results of regression analysis of the averaged bending strength obtained by each test method are shown in Fig. 1 . There were highly significant differences (p<0.01) in the combinations of the three test methods, and large coefficients of determination were obtained for each combination; notably, the combination of 4-point bending strength and biaxial flexural strength showed the largest determination coefficient (r²=0.9896).
The data obtained from the 3-point and 4-point bending tests and biaxial flexural test for all 5 HRs were processed with Weibull analysis using the maximum likelihood method; the Weibull plots of each test method are shown in Fig. 2 , and the results and the coefficients of determination of the regression analysis are shown in Table 3 . Although no significant differences were observed in all combinations of the Weibull moduli (m) when the 95% confidence interval was considered, significant differences were observed among the comparisons of the Weibull characteristic strength (S 0) in many cases (p<0.05).
DISCUSSION
In 1978, the ISO adopted the 3-point bending test as a method to evaluate the mechanical properties of composite resins. In the 3-point bending test, each specimen is subjected to compressive stress in the middle upper surface and tensile stress on the opposite side surface. Fracture in the bending test is primarily determined by the resistance of the tensile side, which is opposite from the side at which the stress is applied; therefore, the 3-point bending test may be suitable for materials with low ductility. However, to assess the strength of brittle materials such as ceramics, the shear stress is loaded over the entire specimen in the 3-point bending test; thus, the bending moments vary linearly, and the bending moments and stress reach a maximum at the loading point. The weakest area is the origin of the fracture. Because the bending moments and maximum bending stress remain constant between the two loading points in the 4-point bending test, as a result of the decrease in the variation of the measured values, the 4-point bending test is favorable. In comparison with these two bending tests, the biaxial flexural test is less susceptible to defects caused by sample preparation in the marginal area and is considered to be close to the two-dimensional 4-point bending test 14) ; however, this test method is not believed to be suitable for materials such as dental resins or composite resins, which have large plastic deformability, as compared with ceramics 15) . However, dental HRs with extremely high filler content have physical properties very close to those of ceramics; thus, the biaxial flexural test is likely to be applicable to HRs. In this study, these three bending tests were performed on five HRs, and then investigations were conducted to determine the most appropriate test method for HRs through comparison of the different methods.
The measured values of the three bending strengths obtained in this study ranked in the order biaxial flexural strength>3-point bending strength>4-point bending strength for all five HRs. This trend was believed to be unique in HR, although a similar trend has been observed for some castable ceramics or pressable ceramics, and a different tendency among the test methods has been observed for veneering porcelain 11) . Although there is a possibility that this order of bending strength applies to only these 5 HRs, further investigations including more types of HR may reveal that this trend applies to all HR resins.
In the comparisons of the 3-point bending strength among the 5 HRs used in this study, no significant differences were observed for the combinations of HRs that were approximately equal in strength, such as the combination between CM and ES or GR and DN. Although the 4-point bending strength of CM appeared to be larger than those of GR and DN, no significant differences were observed for the combination of CM and GR, or CM and DN, and for the combination of GR and DN, all of which were approximately equal in strength. In contrast to these results, with respect to the biaxial flexural strength, no significant differences were observed for only the combination of GR and DN, and significant differences were observed for all of the other combinations. Accordingly, it was considered that the biaxial flexural strength might reveal a very small difference in the HR. Regression analysis between the averaged values of each test method indicated that the coefficient of determination for the 3-point bending strength and 4-point bending strength was the smallest, and that for the biaxial flexure strength and 4-point bending strength had the largest value and smallest displacement from the regression line. In principle, because the bending moments within the two loading points of the 4-point bending test were constant, and the bending moments between the fringe of the loading piston in the biaxial flexural test also remained constant, the biaxial flexural test could theoretically be regarded as a two dimensionally expanded 4-point bending test. Therefore, the determination coefficient of the regression between the biaxial flexural strength and 4-point bending strength had the highest value (r 2 =0.990). These results indicated that the biaxial flexural test is an effective test method for HR.
Weibull analysis was performed by using the obtained data from the three bending test methods. The Weibull modulus (m) ranged from 5.42 to 10.61; thus, no special change in the failure mode could be considered 16, 17) . The Weibull characteristic strength (S0) -i.e., the strength occurring at a probability of failure of 63.2% (Table 3 )-showed a similar tendency to that of the average bending strength, but the values were greater than the average values shown in Table 2 . The regression analysis using the Weibull characteristic strength of the three bending tests showed that the coefficients of determination were very large, especially for the combination of the 4-point bending strength and biaxial flexural strength (the determination coefficient of the combination of the 3-point bending strength and 4-point bending strength was 0.888, that of the 3-point bending strength and biaxial flexural strength was 0.920 and that of the 4-point bending strength and the biaxial flexural strength was 0.991). These results also indicated that the biaxial flexural test is an effective valid test method for dental HRs with high filler content 18, 19) , such as dental CAD/CAM hybrid resin, which was approved for use for premolars by the Japanese national health insurance program in 2014 [20] [21] [22] , and may be used to develop stronger HRs in the future.
CONCLUSION
To determine a highly reliable bending test method for HRs, five dental HRs were examined with the 3-point bending, 4-point bending and biaxial flexural tests, and the correlations among the test methods were investigated. As a result, for all HRs, the results of biaxial>3-point>4-point bending were obtained from both the average value of the flexural strength and the Weibull coefficient, and strong correlation was found between the respective test methods. Therefore, it can be concluded that the biaxial flexural test method is a valid test method for dental hard resins compared with the other two bending test methods.
